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SUMMARY

The explosion limits of five alkylsilaenes were determined as a
funetion of temperature and composition at a pressure of 1 stmosphere.
Over a fuel concentration range of 2 to 10 percent, the lowest temper-
atures (°C) below which explosion did not occur for the five fuels
studied were: tetramethylsilane (CHz) 481, 450°; trimethylsilane

(CcEz)=SiH, 310°; dimethylsilane (CHz)oSiH,, 220°; methylsilsne CHzSifHz,
130°; and vinylsilame HyC=CH-S1Hz, 90°. Explosion limits for hydrocar-

bons analogous to these silanes fall in a temperature range of 500° to
600° C. Since the explosion temperstures of the alkylsilanes are lower
than those of the hydrocarbons snd since they decrease as hydrogen atoms
are substituted for methyl groups, it was concluded that the Si-H bond
is more readily susceptible to oxidaetion than the C-E bond.

INTRODUCTION

Combustion properties of hydrocarbon fuels such as flame speed,
flammsbility 1limit, ignition energy, and gquenching distance have been
extensively investigated. For certain combustion processes, it is de-
sirable to employ fuels which have more favorsgble combustion character-
istles than the hydrocarbons, but which possess similar physical
properties. A class of compounds which might meet these reguirements
is the alkylsilanes. Consegquently, several alkylsilanes were prepared
at the NACA Lewls leboratory; their physical properties (such as boiling
point, melting point, heat of combustion, etc.) are reported in refer-
ence 1. At the time these slkylsilanes were synthesized, the conditions
under which they could be safely handled and stored, particularly in
contact with alr, were not known. The present report describes a study
directed toward establishing the conditions of temperature and concen-
tration which will permit safe handling of this class of fuels.
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Methyl-, dimethyl-, trimethyl-, tetramethyl-, and vinylsilane were
investigated in this study. Premlxed fuel-alr mixtures, with the silane
concentration ranging from about 2 to 10 percent by volume, were admitted
to a heated, evacuated reaction vessel to a pressure of 1 atmosphere;
end the lowest temperature at which exploslon would occur was determined.
The explosion region of these five alkylsilanes as a functlion of temper-
ature and fuel-alr composition was therefore established. A comparison
of the explosion region of the alkylsilanes with the hydrocarbon com-
pound which would result by replacing the silicon atom with a carbon
atom was made wherever possible.

APPARATUS AND PROCEDURE

Fuels. - The method of preparing the slkylsilanes used in this
study 1s described In reference 1. The tetramethylsilane had been puri-
fled from a commercially avallable product while the methyl-, dimethyl-,
trimethyl-, end vinylsilanes had been prepered by reduction of the
proper alkylchlorosilane with lithium aluminum hydride in anhydrous ethyl
ether or dioxsne.

Procedure. - A dilagrem of the apparatus used for determining the ex-
plosion limits of the alkylsilanes is shown In figure 1. Fuel and :
filtered air were admitted at the positlons indicated and mixed in a 1-
liter storage bulb by means of a magnetic stirrer. The pressure of the
mixture in the storage bulb was such that, when opened to the heated,
evacuated reaction vessel, the resulting pressure was 1 atmosphere. The

temperature of the pyrex reactlon vessel, 1% inches in diameter and 10%

inches in length, was measured by a thermocouple attached to the outside
of the vessel. The relatlvely large dlameter of the reactlion vessel was
selected to minimize quenching effects.

Admisslon to the reaction vessel was usually msde as rapldly as
possible although, as described later, the mixture was sometimes ad-
mitted very slowly to determine the presence of cool flames. Occurrence
of en explosion was indicaeted by a strong surge of the mercury in the
manometer, and occasionally a flame was seen to travel up the tube lead-
ing from the reaction vessel. Although such flames usuelly did not
travel very far, they did on several occasions flash back into the mixing
bulb and cause a serious explosion in the line. Consequently, a roll of
wire gauze was placed between the mixing bulb and the reaction vessel to
serve as a fleme trap. After this flame arrester was installed, no
further trouble was encountered.

The minimum tempersature for explosion was determined for verious
fuel-air mixtures of each given fuel. These minimim temperatures define
the reglon of explosion and nonexplosion with respect to temperature and
composition. ’
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RESULTS
Petramethyl- and Trimethylsilanes

Two distinctly different types of explosion limits were encountered
in studying the silanes. The first type, typical of those reported for
hydrocarbons at a pressure of 1 atmosphere, was found in this investiga-
tion for tetramethyl- and trimethylsilasne, For both tetramethyl- and
trimethylsilane, the fuel-alr mixture was admitted rspidly to the evacu-
ated reaction vessel to a pressure of 1 atmosphere, and at a sufficiently
high temperature an explosion occurred. The expleosion usually occurred
within 30 seconds after admission. If no repid reactlon took place in
this length of time, only a very slow increase in the pressure was ob-
served and no explosion was later detected even after time intervals of
1 hour. It was observed for trimethylsilane that at certain temperatures
below the explosion reglion, a pressure decrease would occur immediately
after admission of the fuel-air mixture.

The tempersture-composition curves for these two fuels are shown 1n
figure 2. Determinstions were made of both the temperature at which ex-
plosion occurred in 15 seconds or less and the temperature below which
no explosion occurred. As shown in figure 2, these two temperstures do
not differ by more than 15° C; and, comsequently, the minimum explosion
temperature must lie somewhere within this 15° C tempersture range. Rich
mixtures of tetramethylsilene end air ignited at a temperature as low as
4500 C, while rich trimethylsilane-air mixtures required a tempersture of
only 310°© C.

In figure 3 are presented the temperature-composition explosion
curves for several hydrocarbon compounds as given in references 2 to 5.
The boundary befween explosion and nonexplosion for the hydrocarbons is
between 500° and 600° C., The temperature-composition explosion eurves
for tetramethyl- apnd trimethylsilene are very similar to those of the
hydrocarbons, except that the tetramethylsilane temperatures are sbout
100° C lower end the trimethylsilene temperatures are sbout 200° C
lower than those of the hydrocarbons.

The temperasture-composition explosion curves for representative
hydrocarbons as shown in figure 3 lie in a narrow temperature range,
while a marked separation is shown in figure 2 to exist between
tetramethyl- and trimethylsilane. The apparent higher reactivity of
trimethylsilane indicates that structural changes within the alkyl-
silenes may make merked differences in their combustion properties.

One resction bulb was used throughout the determinations of the
tetramethyl- and trimethylsllane explosion limits. During the course of
these explosions small smounts of SiOs precipitated out on the walls of
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the reaction chamber. The reactlon vessel was therefore replaced by a
clean chamber, and a point on the trimethylsilane curve was redetermined.
The explosion temperature obtained with the clean vessel was 1ldentical
with that previously determined; and, comseguently, the possibility that
small amounts of Si0Os were inhibiting or promoting the explosilon was
eliminated.

Dimethyl-, Methyl-, and Vinylsilanes

A second type of explosion limit was encountered with the dimethyl-,
methyl-, and vinylsilenes; and the temperature-composition curves for
these three compounds could not be obtained by the technique used far
tetramethyl~ and trimethylsilane. The tempersiiures below which no ex-
plosion occurred (reported in fig. 4) serve to indicate the temperature
region for safe handling of a glven fuel concentration. However, once
temperatures above the nonexplosion region were reached, an explosion
always took place before the mixtures reached s pressure of 1 atmos-
phere in the reaction vessel. Mixtures were therefore admitted very
slowly to cbserve at what pressure the first indicstion of reaction did
occur. By this procedure it weas observed that a serles of minor explo-
sions, probably cool flames, occurred over a pressure range of 5 to 10
centimeters of mercury. After this pressure range was exceeded, no
further reaction took place when the mixture was slowly admitted to
a pressure of 1 atmosphere at temperatures Jjust above the nonexplosion
region. . :

Since a very vigorous reaction tock place when the mixture was rap-
idly admitted, it is belileved that the cool-flame reaction occurring at a
pressure of 5 to 10 centimeters set off an explosive reaction when addi-
tlonal material was belng repidly supplled. The temperature-composition
explosion curves for dimethyl-, methyl-, and vinylsilane actually rep-
resent the eppesrance of cool flames. The cool flemes are capable of
causing a true explosion if additional fuel-zir mixture is immediately
avallable to react. If cool flames did not occur, the explosion temper-
ature for an sir mixture of these fuels at an initial pressure of 1 at-
mosphere would be expected to be higher then the temperatures recorded
here for these compounds.

DISCUSSION

A comparison of the explosion temperstures of the glkylsilanes
with hydrocarbon fuels (see fig. 3) shows the marked decrease of the non-
explosive region for the silenes &s compared with that of typical hydro-
carbons which would be formed If the sllicon stome were replaced by
carbon. As already pointed out, the explosion curves of the hydrocar-
bons show little variation with changes in fuel structure. The explo-
sion curves of tetramethyl-, trimethyl-, dimethyl-, and methylsilane are
each separated from the next member of the series by about 100° C. The
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reactivity is obviously increased by substituting hydrogen atoms for the
methyl groups. Since the explosion temperature is lower for the alkyl-
silanes than for the hydrocarbons and since it decreases as hydrogen
atoms are substituted for methyl groups, it appears very probable that
the Si-H bond is more readily subJect to oxidatlion than the C-H bond.
This conclusion might also have been reached by considering the theo-~
retical bond-strength calculations of Pauling (ref. 6) which show the
strength of the Si-H bond to be appreciably weaker than that of the C-H
bond. Bond length measurements by Brockwsy and Beach (ref. 7) also show
the Si-H bond to be considerably longer and therefore weaker than the
C-H bond.

Walsh (ref. 8) has proposed that oxidation reactions of the hydro-
carbons proceed by free radicals. To permit the formation of these
radicals the first step in the oxidation must involve the vulnerebility
of the molecule to bond-bresking reactions. Walsh proposes that radi-
cals are first formed by removel of a hydrogen atom from the molecule,
which is then subject to attack by addition of Oz to the free carbon
valence, A general over-gll scheme starting with a free redical R can
therefore be presented as follows (ref. 9):

02 RE
R—> ROO—> ROCH + R (1)

The fact that the alkylsilanes oxidize more readily than the hydrocarbons,
and that hydrogen atoms can be removed more readily from the silanes,
would lend support to the initial step proposed for the hydrocarbon oxi-
dation mechanism, namely, the removel of a hydrogen atom. If the silane
oxidation then follows the mechanism of the hydrocarbon oxidation, the
scheme presented in equation (1) might aslso be adopted.

Since the explosion curve for vinylsilane 1s about 130° C lower
than for dimethylsilene, the Ho2C=CH group appears to introduce appreci-~
ably more reactivity into the molecule than does the CpHg radical. How-

ever, even mixtures of vinylsilane vapor and air are nonexplosive below
90° C; thus, the most reactive fuel studied can be safely handled at
room temperature without danger of a purely spontaneocus reaction. Spon-
taneous combustion which might result when a large volume of a liguid
silane fuel is exposed to alr for long time periods was not studled in
this research.

SUMMARY COF RESULTS

In an investigation of the nonexploslve region of five alkylsilanes
as a function of temperature and concentration at a pressure of 1 atmos-
phere, the following results were cbtained:
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1. Over a fuel concentratlion range of 2 to 10 percent, the lowest
temperatures (°C) below which explosion did not o&&ur Tor the five fuels
studied were tetramethylsilane (CHz)4S1, 450°; trimethylsilane (CHz)zSiH,

310°; dimethylsilane (CHz)oSiH,, 220°; methylsilane CHzSiHz, 130°; and
vinylsilane HoC=CH-SiHz, 90°.

2. Explosion temperatures of alkylsilanes were found to be lower
than those of analogous hydrocarbon compounds which have explosion tem-
peratures between 500° and 600° C,

CONCLUDING REMARKS

1. The large varistion in explosion temperatures among the silanes
indicates that substituting hydrogen atoms for the methyl groups de-
cidedly increased their reactivity and may cause marked changes in the
combustion propertles among members of this class of fuels.

2. Since the explosion temperature is lower for the alkylsllanes
than for the hydrocarbons and since it decreases as hydrogen atoms are
substituted for methyl groups, the Si-H bond 1s probably more suscept-
ible to oxidation than the C-H bond. : '

lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Chio, Noverber 25, 1953
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Figure 2, - Temperature-composition explosion curves for totramsthyl- and trimethylsilane at pressure of 1 atwosphere.
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